Since its introduction in 1940, the plaster of Paris block method of measuring soil moisture by means of electrical resistance (4) has been widely employed in agricultural fields. Hydrologic research2 (16) , war production problems involving guayule culture (11, 12) , and many other investigations ranging from field irrigation to greenhouse studies have made use of this technique. Briefly, the method consists of imbedding within the soil a plaster of Paris block containing two electrodes. At a constant temperature, the electrical resistance of this absorbent material varies with its moisture content, which, in turn, varies according to the magnitude of the forces exerted by the surrounding soil. A determination of block resistance thus gives a measure of these soil moisture forces, a measurement which can be made with a high degree of accuracy and reproducibility within the moisture range that is of significant importance to growing plants (12) .
Fundamental principles Because an absorption block indicates the force with which moisture is held by the soil environment, it may be considered to portray more accurately than conventional volume or weight percentages soil moisture conditions as they exist with respect to actively transpiring plants. The conventional percentages have, of course, long been recognized as inherently fallacious in this regard because they cannot express free energy factors operating in moisture phenomena. Figure 1 is a typical curve in the soil moisture-block resistance relationship. It illustrates that the absorption block may offer at least a partial solution to soil water measurement problems. Other investigators (1, 8, 10, 11, 13, 16) have confirmed the shape and general characteristics of this curve, which, it is interesting to note, exhibits a marked resemblance to the moisture stress-soil moisture curves recently developed by WADLEIGH (15 Another advantage of this method is that it gives an indication of the time at which soil freezes, a factor that is sometimes of interest in hydrologic investigations (7, 16 especially at the corners, is observed after exposure to repeated freezing and thawing, but this superficial disintegration has little effect on the resistance characteristics of the block, unless the volume between the electrodes has been substantially reduced.
Investigations concerning the design of the absorption block have led to the conclusion that the original specifications are indeed practical, although perhaps not so theoretically sound as, for example, a coaxial design. Studies of cylindrical blocks containing concentrically arranged electrodes showed that the effects of external electrical fields were minimized. Difficulties were encountered, however, in casting such blocks with a high degree of uniformity. The relative simplicity of the present rectangular pattern, and the ease and cheapness with which such absorption units can be manufactured appear to offset any theoretical advantages of a coaxial absorption unit. Large quantities of commercially manufactured blocks made according to the original specifications (4) include an average of two defective units in every hundred.
Many varieties of material are marketed as plaster of Paris. Differences in both the physical and chemical characteristics of these materials are caused by the varying quantities of hasteners or retarders which are added to control setting speeds and otherwise standardize a given product for commercial and technical uses. In general, these regulating agents have an unfavorable influence on the soil water-resistance relationships of the blocks; chemically pure materials exhibit a wider range of resistance change for a given change in soil moisture and therefore contribute to the sensitivity of the method. Pure gypsum (sold by the United States Gypsum Company as No. 1 White Molding Plaster of Paris) has proved extremely durable and the best material so far investigated. It sets in about 30 minutes and possesses a very porous, although relatively soft, structure.
Two materials of a somewhat similar nature, marketed as Hydrostone and Hydrocal, have been used, because of their extreme hardness, by several investigators. It was thought that this hardness might indicate greater durability and that blocks made of hard materials would last longer when buried in a soil. Experience with these materials has shown, however, that their high density is complemented by a low porosity which reduces not only the relative proportion of water that can be absorbed but also the speed with which it moves within the block and between the block and the soil. The sensitive range of these blocks is narrow, possibly because of the narrow pore-size distribution characteristics. A third objection is the low solubility of these hard materials, which reduces their buffer capacity with respect to salt concentration changes within the soil solution.
Other kinds of absorption units For the agronomist and other investigators interested in plant-soil relationships, plaster of Paris block appears to be an ideal unit because it covers the range of available water, indicating both the field capacity and the wilting point of a soil. An absorption unit with a wider range would, however, prove a useful tool especially to the engineer interested in hydrology or construction. An extensive search has therefore been conducted to find absorbent materials with energy characteristics and physical properties superior to those of plaster of Paris, and with the capability of indicating moisture changes up to the saturation point. A large number of clay and cement substances were examined. Also tested were many fibrous materials such as glass fabrics and nylon. Specially designed contact electrodes were re-examined, with the view toward minimizing their former inadequacies.
In Figure 2 are shown six types of resistance units which have given good laboratory performances. With the exception of Unit 5 all of these devices consist essentially of three parts: (1) a porous absorbent (2) trodes of some resistant metal aiid (3) well-inisulated, weather-proof leads which serve to join the electrodes to a resistance measuring apparatus. These units are dissimilar in that their electrode patterns differ and that their absorbent materials are not alike, either physically or chemically. The construction of these units is briefly described below:
Single-strand monel wires, widely-spaced, and woven into the fabric.
2.
Triplicate stainless steel wires arranged alternately in series, and woven into the fabric 3. the resistance increases as the soil dries because of decreased conductivity within the soil mass proper. Figure 3 shows a selection of typical laboratory curves obtained with these various units imbedded in different soils. These curves are all similar. They approach minimum values when the soil is at or near saturation. On the opposite extreme they approach maximum values at minimum moistures. Depending on the pore-size distribution of the absorbent materials all of these units possess the capability of yielding a moisture index over a wide or narrow range. With the exception of Unit 6 all units are sensitive nearly to the point of saturation.
It has already been pointed out that Unit 6 is unique in that its curve yields a close approximation of the permanent wilting per cent. and field capacity. Unit 4 is of special interest because it appears to operate over an extremely wide moisture range. Preliminary tests indicate that it yields fairly accurate and reproducible results from air-dry conditions to saturation and for this reason it is being developed and refined. Because experimental errors cannot be ignored, the range of these curves is only one aspect of their utility. Unit 6, the standard plaster of Paris block, although operating over the smallest range, exhibits the smallest scatter of items within its range. Not only does this unit show the smallest experimental error within a single drying cycle, but it also shows the least hysteriesis between successive drying cycles, thus illustrating the unique buffering, function of its slightly soluble gypsum absorbent.
Despite the advantage of being responsive over a wide range of moisture conditions, units other than 6 possess certain inherent disadvantages in addition to their relatively large experimental errors. Pressure changes resulting from swelling and shrinkage not only contribute to these inherent errors but they may, under extreme conditions of dryness, result in a separation of the absorbent from the soil matrix which interrupts the operation of the unit. Plaster of Paris units not only withstand these pressure changes but they will continue to function as long as a small area of contact remains betweeni the absorbent wall and the soil. The plaster of Paris units are therefore favored, especially where plant-soil relationships are involved, because they permit more quantitative measurements than do the other types, even though lthe latter are more sensitive to moisture changes.
Where it is desirable to measure the entire range of moisture conditions, from the air-dry state to saturation, then Unit 4 is recommended. A careful application of this technique will yield satisfactorv results.
The resistance bridge A major obstacle in the development of a practical procedure for field use was the lack of a satisfactory resistance measuring device. Commercial meters already on the market possessed many disadvantages chief of which wAere a limited racge, delicate conistruction, bulkiness, and high cost.
In order to overcome these obstacles and to benefit from recent advances in instrumentation it was necessary to construct a special resistance bridge.
BOUYOUCOS AND MICK: SOIL MIOISTURE
Experience with many designs has indicated that a wooden case helps to shield the instrument from ground currents, a factor in metal-cased instruments that invariably causes difficulties under certain combinations of circumstances frequently encountered in the field. Headphones are greatly preferred to an "electric eye" indicator. The electric eye, although a satisfactory null indicator in the laboratory, is difficult to read under field light unless a shadowbox or curtain is used. This increases the bulkiness of the instrument and adds to the difficulties of manipulation. Galvanometers, likewise, proved unsatisfactory for general field use, inexpensive commercial models being too delicate or else, on the other extreme, lacking in sensitivity. A relatively inexpensive headphone set, however, has proved durable and efficient for general outdoor use. Making use of the sound characteristics of the necessity oscillating current, headphones have proved to be the most useful type of null indicator. In conjunction with the present circuit design, a great contrast in tone volume, which rapidly fades to a minimum level within an extremely narrow range, contributes to the ease of adjusting the instrument. For prolonged operation, sponge rubber cushions over the phones have been found to be helpful by reducing the interference of extraneous sounds such as are produced by wind currents. They also distribute the mechanical pressure over the entire ear cartilage, which adds to the comfort of the operator.
The circuits of the improved bridge are based on the Wheatstone principle. To avoid the influence of various capacitance factors present in field installations, a large condenser has been included which contributes greatly in obtaining a good null balance within the bridge. The instrument is powered by dry-cell batteries feeding through a 2000-cycle electronic oscillator. An extremely wide range of sensitivity is obtained by inserting two series of standardized resistances in opposite arms of the bridge; the proper conmbination is selected bv means of multiplier switches, and the final null-point is obtained by adjustinig a logarithmic potentiometric rheostat fitted with a 6-inch graduated dial. The bridge is thus balanced, or tuned to the null point, by manipulating five dials in a matter of seconds. An ohm-miieter modification of this circuit has been successfully used for several seasons to control irrigation on experimental fields. When the absorption block leads are plugged into this moisture meter, movement of a needle across the dial indicates the extent to which soil moisture has been depleted. 2. Fundamental considerations of the characteristics of this technique reveal that for most practical purposes standard plaster of Paris absorption blocks need not be calibrated. Resistance readings may be directly
